Based on transmission line modeling, a new technology of collaborative applying the ultralow-k dielectric and the high-k dielectric materials in coupled multilayer graphene nanoribbon (MLGNR) interconnects (i.e., case 4) to reduce propagation delay and to expand 3-dB bandwidth of the conventional pristine (undoped) MLGNR interconnects is proposed in this paper. By using the decoupling technique and ABCD parameter matrix approach, the transfer function of the equivalent circuit model for coupled MLGNR interconnects is derived to obtain step response, propagation delay, transfer gain and 3-dB bandwidth under in-phase and out-of-phase crosstalk modes at global level of 7.5 nm technology node, which is based on the defined four cases. The results show that the maximum reduction of propagation delay between the proposed new technology (case 4) and the conventional MLGNR interconnects (case 1) can reach 15.911 ns at out-of-phase crosstalk mode for an interconnect length of 4000 µm. The corresponding 3-dB bandwidth for them can be expanded over 2.978 times in the same length as the former. It is demonstrated that the proposed case 4 can obviously reduce the propagation delay and enhance the transfer gain and 3-dB bandwidth compared with the conventional case 1. Moreover, it is found that the coupled MLGNR interconnect under in-phase mode outperform that under out-of-phase mode in terms of propagation delay, transfer gain and 3-dB bandwidth at the same condition. In addition, it is manifested that the victim line of two-line coupled MLGNR interconnects have lesser propagation delay, higher transfer gain and larger 3-dB bandwidth, as compared to three-line coupled MLGNR interconnects at the same case. The proposed new technology in this paper would be beneficial to improve the performance of MLGNR interconnects and to provide the guidelines for the design of next generation on-chip MLGNR interconnect system. INDEX TERMS MLGNR interconnects, step response, propagation delay, transfer gain, 3-dB bandwidth, ultra-low-k dielectric, high-k dielectric.
current capacity problems [1] [2] [3] . Due to the outstanding electrical, mechanical and thermal properties, graphene material has captured considerable attention from the researchers that is regarded as a potential alternative to the traditional Cu for next-generation on-chip interconnect applications [4] , [5] . High quality graphene has a long mean free path (MFP) on the order of several micrometers far over Cu material, which leads to a lower resistivity and achieves the ballistic transport at the shorter interconnects [6] [7] [8] . Moreover, graphene can carry a higher current density of the order of 10 9 A/cm 2 in comparison to its Cu counterpart that effectively alleviates the electro-migration phenomenon [9] , [10] . Graphene nanoribbon (GNR) is a narrow strip of graphene sheet that can be divided into multilayer GNR (MLGNR) and single-layer GNR (SLGNR) according to its stacked number of layers. Owing to the larger intrinsic resistance of SLGNR, it is not suitable for on-chip interconnects [11] [12] [13] . Depending on the types of connection with surrounding devices or interconnects, MLGNR can be further classified into top contact MLGNR (TC-MLGNR) and side contact MLGNR (SC-MLGNR) [9] , [14] , [15] . In the former, only the top most layer is connected to other contacts, whereas all layers are coupled with the surrounding contacts in the latter. Hence the unique connection of SC-MLGNR enables it to have a smaller resistance when compared with TC-MLGNR. Therefore, SC-MLGNR is selected as the interconnect material in this work.
Although SC-MLGNR has a host of excellent electrical performance, there are still some limitation to be solved in the practical application on-chip interconnects. The SC-MLGNR is easy to be converted into graphite due to the interlayer electron hopping, which results in reducing its electron MFP and thereby increasing the distributed scattering resistance [16] . The reason for the interlayer electron hopping phenomenon is that the carbon-carbon bond lengths are modulated by the elastic strain of the stacked multiple layers [16] , [17] . As a consequence, it is crucial to seek an alternative structure for enhancing the MFP of SC-MLGNR. Over the past few years, it is reported that the carrier mobility of GNR layers can be improved by inserting the high-k dielectric layer between two adjacent GNR layers, hence its MFP could be improved [16] , [18] . This can restrict SC-MLGNR to turn into the graphite and improve the total number of graphene layers of SC-MLGNR interconnects. In [16] , the number of graphene layers can reach 60 by inserting the HfO 2 dielectric between adjacent GNR layers at 22 nm technology node. Moreover, inserting the high-k dielectric layer in SC-MLGNR can also decrease the electron scattering rate of GNR and thus reduce the overall resistance of SC-MLGNR interconnects [19] .
In order to fabricate the proposed interconnect structure, as shown in Fig. 1 , which can be done by applying the atom layer deposition (ALD) technique. On the basis of the available literature, a series of dielectric materials could be grown on the graphene layer by using the well-developed technique. As reported in Refs. [20] [21] [22] , the hexagonal FIGURE 1. The schematic structure of two-line coupled MLGNR interconnects with a thin dielectric material (ε 2 ) inserted between adjacent GNR layers, and MLGNR interconnects surrounding the insulator dielectric medium (ε 1 ).
boron nitride h-BN, aluminum oxide Al 2 O 3 and hafnium oxide HfO 2 have been deposited on graphene layer by using ALD technique. The advantage of using the ALD technique can achieve the precise control of the film thickness and uniformity [16] .
In view of the interconnect width scaling down to the nanometer order at the end of the roadmap, the propagation delay and transfer gain of global level interconnects in VLSI circuits have become paramount consideration factors due to the longer interconnect distance. In the past few years, a multitude of studies with respect to these issues on MLGNR interconnect system have been done. In [23] , [24] , Kaur et al. and Bhattacharya et al. investigated the propagation delay of MLGNR interconnect system. In [15] , [25] , [26] , the propagation delay and power dissipation for the single-line of MLGNR interconnect are analyzed. In [8] , [27] , [28] , the model of propagation delay and transfer gain of MLGNR interconnect are presented. However, the works mentioned above are only focused on establishing the mathematical model, while the optimization method for reducing the propagation delay and enhancing the transfer gain of on-chip MLGNR interconnects is not proposed. Accordingly, it is urgent to seek a new technology to further improve the MLGNR interconnect performance in the VLSI circuits at the end of the roadmap. In our previous paper [6] , the ultra-low-k dielectric material (nanoglass) replacing the traditional SiO 2 dielectric medium in coupled MLGNR interconnects to reduce the propagation delay and crosstalk noise and to enhance the transfer gain is proposed. Meanwhile, in [16] , [19] , it is reported that inserting the high-k dielectric (HfO 2 ) material between adjacent GNR layers in SC-MLGNR interconnect can reduce the propagation delay, crosstalk noise and energy-delay-product. Therefore, we propose a new technology of collaborative applying the ultra-low-k dielectric material (nanoglass) and the high-k dielectric material (HfO 2 ) in coupled multilayer graphene nanoribbon (MLGNR) interconnects to further improve the performance of propagation delay and transfer gain of on-chip interconnect in this paper.
To the best of our knowledge, it can be found that most literatures concerning the SC-MLGNR interconnects are only investigated on the performance parameters in the time domain. Apparently, there is no doubt that the performance parameter of SC-MLGNR interconnects in the frequency domain is also the extremely significant consideration factor for providing the guideline to design the on-chip interconnect in VLSI circuits. Bandwidth denotes the capability of data transmitting for a system, which plays a vital role in an on-chip interconnect system [29] , [30] . For an on-chip interconnect system, a larger bandwidth can remarkable reduce the total time to convey a certain number of data [2] , [31] . However, so far the study regarding the 3-dB bandwidth of the SC-MLGNR interconnects is still rare. Based on the aforementioned discussion, besides the propagation delay and transfer gain, a mathematical model for 3-dB bandwidth of the SC-MLGNR interconnects by replacing the conventional SC-MLGNR structure with the proposed new technology is also presented in this paper.
II. ELECTRICAL MODELING OF MLGNR INTERCONNECTS A. TWO-LINE COUPLED MLGNR INTERCONNECT
A typical schematic structure of two-line coupled MLGNR interconnects placed above the ground plane at a distance T ox is depicted in Fig. 1 . Here W, S, T gnr , T ox , ε 1 and ε 2 are line width, line space, line height, thickness of the insulator dielectric medium, relative dielectric constant of the insulator dielectric medium and relative dielectric constant of interlayer dielectric material between two adjacent GNR layers, respectively. Here the common SiO 2 (i.e., ε 1 = 3.9) insulator dielectric medium can be replaced by the ultra-low-k dielectric material, such as the nanoglass (i.e., ε 1 = 1.3), to obtain a better interconnect performance as reported in [6] . In addition, here the conventional (pristine) MLGNR by inserting the high-k dielectric material (HfO 2 ) between successive GNR layers can also improve the performance of MLGNR interconnects. For the conventional MLGNR, the gap between two adjacent GNR layers is not filled with the high-k dielectric material and can be regarded as a vacuum layer (i.e., ε 2 = 1). In this work, we investigated the effect of the MLGNR by inserting the hafnium oxide HfO 2 (i.e., ε 2 = 25) between two adjacent GNR layers on the performance of MLGNR interconnect. The total number of layers for MLGNR interconnect is dependent on the line height T gnr and can be calculated as N layer = Integer[T gnr /2δ + 1/2]. Wherein the operator Integer [.] denotes that only the integer part for a decimal is considered. The thicknesses of each GNR layer and the separation distance between adjacent GNR layers are all δ (=0.34nm) [16] , [26] .
An equivalent distributed circuit model of two-line coupled MLGNR interconnects with driver resistance R D , driver capacitance C D and load capacitance C L for aggressor and victim lines is shown in Fig. 2 , where the coupled MLGNR interconnects is composed of lumped and distributed parts.
As exhibited in Fig. 2 , R lu and R ds are the lumped resistance and per unit length (p.u.l.) distributed scattering resistance, respectively. The lumped resistance R lu is comprised of quantum resistance R q and nonideal contact resistance R c , where they are equally arranged at two symmetrical ports of the equivalent circuit. The distributed scattering resistance R ds exists only when the interconnect length L gnr is larger than the effective mean free path (MFP) λ eff . They can be expressed as [32] ,
Here, R cm represents the monolayer nonideal contact resistance and its value is in the range from 1 K to 20 K [33] . R qm denotes the monolayer quantum resistance and can be written as R qm = h/2e 2 (herein h is Plank's constant and e is electron charge). N ch is the total number of conducting channels of monolayer GNR and can be computed by [29] , [34] ,
wherein a 0 to a 5 represent the parameters for zigzag MLGNR (zz-MLGNR) under the room temperature (300K) when the value of Fermi energy E f is greater than 0 [34] .
Owing to the total number of conducting channels of zigzag MLGNR (zz-MLGNR) exceeding the armchair MLGNR (ac-MLGNR), hence the zz-MLGNR interconnect possesses a smaller distributed scattering resistance when compared with ac-MLGNR interconnect. Therefore, only the zz-MLGNR as the interconnect material is discussed in this work. The mathematical expression of the MFP λ eff of MLGNR interconnect with inserting the high-k dielectric material between adjacent GNR layers is given by [16] , [19] ,
Herein τ and v f are the scattering time and Fermi velocity of electrons in graphene (= 8 · 10 5 m/s), respectively. The mathematical expression of scattering rate τ −1 of GNR with a thin dielectric material inserted between adjacent GNR layers is deduced as below [19] ,
where k F = (π n e ) 0.5 denotes the Fermi momentum. n i and n e represent the impurity concentration and electron concentration in graphene, respectively [16] . , k B and T are the reduced Planck's constant, Boltzmann's constant and reference temperature, respectively. ε 0 is the vacuum dielectric constant. Herein, in order to investigate the impact of highk dielectric material on the performance of SC-MLGNR interconnects, the relative dielectric constant ε 2 is adopted to represent the different interlayer dielectric materials inserted between adjacent GNR layers in this work. The total distributed capacitance C T of MLGNR interconnects consists of the equivalent quantum capacitance C eq and the electrostatic capacitance C el , and their relationship can be expressed as Equation (6) . The p.u.l. equivalent quantum capacitance C eq can be solved by applying a recursive method as follows [11] , [32] , [35] , [42] ,
Here C mq represents the p.u.l. quantum capacitance of monolayer GNR. C m denotes the p.u.l. coupling capacitance between adjacent GNR layers and can be written as C m = ε 2 ε 0 W/δ. Similarly, for analyzing the effect of the ultra-lowk dielectric material on the performance of SC-MLGNR interconnects, the relative dielectric constant ε 1 is introduced to distinguish different insulator dielectric mediums in this paper. The p.u.l. electrostatic capacitance C el is contributed by the interconnect dimension and relative dielectric constant ε 1 of insulator dielectric medium, which can be expressed as [25] ,
wherein M [.] can be defined as [36] ,
The total distributed inductance L T of MLGNR interconnects includes the equivalent kinetic inductance L eq and magnetic inductance L ma . Being similar to the situation of the equivalent quantum capacitance C eq , the p.u.l. equivalent kinetic inductance L eq also can be obtained by using a recursive scheme as below [11] , [35] , [42] ,
Here, L k is the p.u.l. kinetic inductance of monolayer GNR. L m represents the p.u.l. coupling inductance between adjacent GNR layers and can be calculated as L m = μ 0 δ/W (here μ 0 = 8.854 · 10 −12 is the vacuum magnetic permeability). Therefore, the total distributed inductance L T of MLGNR interconnect can be illustrated as,
As displayed in Fig. 2 , the effects of coupling capacitance C c and mutual inductance M m on the dynamic crosstalk of the coupled MLGNR interconnects must be taken into account. The mathematical expressions of p.u.l. C c and M m are formulated as follows [6] , [33] ,
Here C [BCP] (x, y) and C [CP] (x) are defined as below,
where the function M [.] is illustrated in Equation (11), [6] , [36] .
B. THREE-LINE COUPLED MLGNR INTERCONNECT
In the practice application, multiple line structure is more common in VLSI circuits. Therefore, the simple two-line coupled interconnects are not sufficient enough to validate the signal coupling crosstalk effects. For the sake of improving the generality of our model, this section also takes three-line coupled MLGNR interconnects into account, as shown in Fig. 4 . And regarding RLC parameters can be obtained on the basis of aforementioned method.
III. CROSSTALK DELAY AND BANDWIDTH MODEL
In order to conveniently analyze the circuit model depicted in Fig. 2 , the coupled-two identical interconnects can be divided into two independent line by applying the decoupling technique. The equivalent circuit model of the decoupled victim MLGNR line is shown in Fig. 3 , where k is the switching factor that indicates the switching direction of input signals of two-line coupled MLGNR interconnects. The dynamic crosstalk includes in-phase crosstalk and outof-phase crosstalk modes. For the switching factor k, k = 1 and k = −1 are defined to distinguish the corresponding crosstalk modes, that is the aggressor and victim MLGNR lines switching in the same direction and opposite direction at the same time, respectively. Obviously, it is indispensable to study the coupled line structure over two-line because its interconnect crosstalk is more complex. Therefore, in this work, an equivalent circuit of three-line coupled MLGNR interconnects is presented as shown in Fig. 4 . Here, we adopted the decoupling method presented in [40] to obtain its equivalent capacitance and inductance parameters. Based on the [40] , each switching case can be symbolized as "↑" (i.e., switching from logic 0 to logic 1), "↓" (i.e., switching from logic 1 to logic 0) and "0" (i.e., the quiet state). All of the switching patterns for three-line coupled interconnects can be expressed as the linear combination of three fundamental switching modes (i.e., "↑↑↑", "↓↑0 (0 ↓↑)" and "↑ 0 ↓"). Take "↓↑↓" as an instance, it can be expressed as(↓↑↓)
In order to investigate the step response, propagation delay, frequency response and bandwidth of coupled MLGNR interconnect, it is crucial to derive the transfer function of input-output interconnect system by applying the ABCD parameter matrix approach. As shown in Fig. 3 , the total ABCD parameter matrix of the decoupled victim MLGNR line can be deduced as [6] ,
wherein θ and Z are the propagation constant and characteristic impedance of the decoupled victim MLGNR line and their mathematical expressions are exhibited in Equations (21) and (22), respectively. Due to the existing of coupling capacitance C c and mutual inductance M m , the total distributed capacitance C E and total distributed inductance L E of the decoupled victim MLGNR line can be rewritten as
Based on the principle of ABCD matrix approach, input voltage can be expressed as a function of output voltage and output current. Hence, combining with the relationship of output current and output voltage of I vo (s) = sC L · V vo (s), the transfer function of the decoupled victim MLGNR line is deduced as below,
Here, the transfer function is adopted a fourth-order pade's expansion, which can obtain the signal integrity characteristics at the output port of the MLGNR interconnect system. The all coefficients for the Equation (23) can be listed as follows,
Step response represents the transient response of the output port for an interconnect system that is triggered by a unit step signal of the input port. It indicates the time domain performance of the output voltage signal for an interconnect system when the input voltage signal changes from logic "0" to logic "1" in a very short time. Certainly, step response can be used to evaluate the stability of an interconnect system. Here, the input voltage signal V in (s) = 1/s is selected as the ideal step-signal in this work. Therefore the step response of victim MLGNR interconnect in the Laplace domain can be expressed as,
Subsequently, we can obtain the step response V out (t) at the time domain by applying the inverse Laplace transform for the Equation (24) . In addition, the 50% propagation delay of victim MLGNR line in different phase modes can be got according to the numerical simulation data by carrying out the analytical expressions of step response V out (t) as below,
In the frequency domain, there is no doubt that the transfer gain and bandwidth are regarded as the indispensable frequency parameters to analyze the behavior of the coupled MLGNR transmission system. We used the s = j2π f into Equation (23) to derive the mathematical expression concerning the magnitude of transfer gain, which is formulated as,
In view of the coupled driver-MLGNR interconnect-load system shown in Fig. 3 can be considered as a RC low pass filter, thus it can deduce a cut-off frequency. For any signal transmission system, the bandwidth is usually expressed in the 3-dB bandwidth f 3dB . In the light of the definition of 3-dB bandwidth, the 3-dB bandwidth is equivalent to the cut-off frequency in which the magnitude of transfer gain of interconnect system cuts down 1/ √ 2. Based on the discussion mentioned above, we proposed a mathematical expression to obtain accurately the 3-dB bandwidth f 3dB as follows,
where each coefficient of Equation (27) is expressed as below,
IV. RESULTS AND DISCUSSIONS
This section will analyze the impacts of the ultra-k dielectric and high-k dielectric materials on step response, crosstalk delay, transfer gain and 3-dB bandwidth of coupled MLGNR interconnects at 7 nm technology node of global level. In this work, we proposed a new scheme of collaborative using the ultra-low-k dielectric and the high-k dielectric materials in coupled MLGNR interconnects. In order to demonstrate the superiority of this proposed method, we defined the four cases as follows, Case 1: The conventional MLGNR interconnects (The insulator dielectric medium is selected as SiO 2 , and the gap between two adjacent GNR layers is separated by a vacuum layer, i.e., ε 1 = 3.9, ε 2 = 1).
Case 2: Only the insulator dielectric medium SiO 2 is replaced with the nanoglass of ultra-low-k dielectric material, and the gap between two adjacent GNR layers is also separated by a vacuum layer (i.e., ε 1 = 1.3, ε 2 = 1).
Case 3:
Only the gap between two adjacent GNR layers is inserted with the hafnium oxide HfO 2 of high-k dielectric material, and the insulator dielectric medium is set as SiO 2 (i.e., ε 1 = 3.9, ε 2 = 25).
Case 4: The proposed new method of collaborative using the ultra-low-k dielectric and the high-k dielectric materials in the coupled MLGNR interconnects (The insulator dielectric medium is replaced with the nanoglass of ultra-low-k dielectric material, and the gap between two adjacent GNR layers is inserted with the hafnium oxide HfO 2 of high-k dielectric material, i.e., ε 1 = 1.3, ε 2 = 25).
The geometrical and physical parameters are extracted from [3] , [37] as follows, W = 11.5 nm, T gnr = 26.91 nm, S = 11.5 nm, T ox = 17.25 nm, E f = 0.3 eV, ε 0 = 8.854 · 10 −12 F/m, μ 0 = 4π · 10 −7 , n i = 2 × 10 15 m −2 , n e = 8 × 10 16 m −2 , T = 300K, R D = 20.51 k , C D = 0.063 fF, C L = 0.2 fF. Herein R D , C D and C L represent the equivalent values of minimum-sized gate. For the global level interconnects (100µm ≤ L gnr ≤ 10mm) [38] , the sizes of driver and load are usually 100 times greater than that of the minimum-size gate [6] , then their values can be redefined as, R D = R D /100, C D = C D · 100 and C L = C L · 100.
In this work, all the numerical simulation results presented in the following section are obtained by using the MATLAB R2013a. In addition, it is essential that the proposed results should be compared with the state-of-the-art literature. To the best of our knowledge, so far only the [16] , [19] have investigated regarding the inserting high-k dielectric material between adjacent GNR layers in MLGNR interconnects. The [19] presented a new technique of unconditionally stable finite-difference time-domain (USFDTD) approach to analyze the propagation delay, step response and so on, which can overcome the limitations of the conventional finite-difference time-domain (FDTD). Therefore, the results obtained by the proposed model are validated with [19] in this paper.
A. MEAN FREE PATH OF MLGNR INTERCONNECT
It is evidently that the mean free path (MFP) of MLGNR is strongly dependent on the impurity concentration n i of interlayer dielectric and the relative dielectric constant ε 2 of interlayer dielectric according to Equations (4) and (5) . As reported in [16] , the value of impurity concentration n i is determined by the quality of dielectric layer. The cleaner dielectric sample can lead to a smaller impurity concentration (n i = 0.2 · 10 16 m −2 ) whereas the dirty dielectric sample will result in a larger impurity concentration (n i = 3.5 · 10 16 m −2 ) [41] . The charged impurities are existing in both the inside of dielectric material and the grapheme-dielectric interface. Moreover, the relative dielectric constant ε 2 in each GNR layer is determined by its surrounding media. When the GNR layer is sandwiched between two different dielectric (ε a and ε b ), then the relative dielectric constant ε 2 of GNR should be redefined as ε 2 = (ε a + ε b )/2 [19] . Based on the available literature, typical dielectric can be used as the interlayer dielectric materials that include silicon oxide SiO 2 , aluminum oxide Al 2 O 3 and hafnium oxide HfO 2 [16] .
The mean free path of GNR versus impurity concentration for different interlayer dielectric materials is exhibited in Fig. 5 . Herein the gap of between two adjacent GNR layers is inserted with the Al 2 O 3 and HfO 2 , respectively. As described in Fig. 5 , it can be seen that the MFP decreases with the increase of impurity concentration n i for inserting Al 2 O 3 and HfO 2 cases. Here the MFP of GNR with the cleaner dielectric for inserting Al 2 O 3 and HfO 2 cases are 17.50 and 11.77 times larger than that with the dirty dielectric, respectively. In addition, it is found from Fig. 5 that the MFP of GNR by inserting HfO 2 is greater than that of inserting Al 2 O 3 case. Therefore, reducing the impurity concentration and applying the high-k dielectric material between adjacent GNR layers are the effective method to improve the MFP of MLGNR interconnects.
B. TWO-LINE COUPLED MLGNR INTERCONNECT MODEL
In order to investigate the superiority of the proposed new method of collaborative using the ultra-low-k dielectric and the high-k dielectric materials in two-line coupled MLGNR interconnects (i.e., case 4), the step response of victim MLGNR line with interconnect length L gnr = 1000 µm for the defined four cases under in-phase and out-ofphase crosstalk modes is displayed in Fig. 6 (a) and 6(b), respectively. Fig. 6 (a) and 6(b) show that the output voltages in all circumstances will take a period of time to reach the steadystate value 1 V. As described in Fig. 6 (a) and 6(b), it is observed that the time of reaching the steady-state value of the case 2, case 3 and case 4 are all lesser than that of the case 1 for in-phase and out-of-phase crosstalk modes. Furthermore, it can be found that the time of reaching the steady-state value of the proposed case 4 is obviously lower than that of all other cases for in-phase and out-of-phase crosstalk modes. The reason for the time of reaching the steady-state value of the case 2 lesser than case 1 is that the electrostatic capacitance C el and coupling capacitance C c will decrease as the relative dielectric constant ε 1 decreases, thereby, leading to a smaller total distributed capacitance C T of case 2 according to the Equations (6) (10) and (16) . As a consequence, it can lead to the faster charging and discharging of parasitic capacitances. Thus case 2 has a lesser time of reaching the steady-state value than case 1. The corresponding reason for the time of reaching the steady-state value of the case 3 lesser than case 1 is that the effective mean free path λ eff will increase as the relative dielectric constant ε 2 increases, thus give rise to a smaller distributed scattering resistance R ds of case 3 combining with the Equations (2), (4) and (5) . In addition, the time of reaching the steady-state value of the proposed case 4 lower than all other cases is because the case 4 combines the advantages of the case 2 and case 3. The proposed case 4 is a new technology of collaborative applying the ultra-low-k dielectric and the high-k dielectric materials in coupled MLGNR interconnects (i.e., case 4), which can reduce the electrostatic capacitance C el , coupling capacitance C c and distributed scattering resistance R ds to reduce the time of reaching the steady-state value. Hence, this can lead to a lesser propagation delay for the proposed case 4.
Moreover, it can be found from Fig. 6 that the results of step response for the defined case 3 are in good accordance with the results of [19] under in-phase and out-of-phase crosstalk modes. The maximum relative errors between the defined case 3 and the [19] are 3.28% and 3.63% respectively for in-phase and out-of-phase crosstalk modes. The reason for this phenomenon is that they have the same relative dielectric constant (ε 1 ) of the insulator dielectric medium and relative dielectric constant (ε 2 ) of interlayer dielectric material between two adjacent GNR layers.
In order to further evaluate the time of reaching the steadystate value of the output voltage, it is significant to investigate 50% propagation delay under various conditions. The 50% propagation delay is defined as the time when the amplitude of step response V out (t) rises from 0 to half of its steady state value 1 V, which is the paramount parameter of the on-chip interconnect performance in the time domain. The corresponding results of the defined four cases on the 50% propagation delay of victim MLGNR line with different interconnect length under different phase modes are plotted in Fig. 7 (a) and 7(b), respectively.
As shown in Fig. 7 , it is also obvious that the propagation delay of the case 2, case 3 and case 4 are all lower than that of the case 1 for all phase crosstalk modes. Meanwhile, it can be seen that the propagation delay of the proposed case 4 is clearly lesser than that of all other cases for all phase crosstalk modes. Taking the interconnect length of L gnr = 3000 µm as an instance, the delay time under out-of-phase crosstalk mode for the conventional MLGNR interconnects (case 1) is 20.311 ns while for case 2, case 3 and case 4 are 15.504 ns, 14.850 ns and 11.221 ns, respectively. Here the delay time for the conventional MLGNR interconnects (case 1) is approximately twice greater than that the proposed case 4. Similarly, the delay time under in-phase crosstalk mode for case 1, case 2, case 3 and case 4 are 9.284 ns, 4.477 ns, 6.883 ns and 3.254 ns in the same length as the former, respectively. Wherein, the delay time for the proposed case 4 is nearly a third of the conventional MLGNR interconnects (case 1). The reason behind this is that the propagation delay is in positive proportion with the time of reaching the steady-state value 1 V mentioned above. In the light of the discussion mentioned above, the proposed case 4 has a lesser total distributed capacitance C T and a smaller distributed scattering resistance R ds compared with the conventional case 1. In addition, based on our numerical simulation results, the maximum reduction of delay time between the proposed case 4 and the conventional case 1 can reach to 15.911 ns for an interconnect length of L gnr = 4000µm at the out-of-phase crosstalk mode. Therefore, the proposed method of collaborative using the ultra-low-k dielectric and the high-k dielectric materials in the MLGNR interconnects (i.e., case 4) can be regarded as a new promising technology to reduce the propagation delay of the coupled MLGNR interconnect system in VLSI circuits.
Moreover, it is remarkable from Fig. 7 that the propagation delay of victim MLGNR line under out-of-phase mode is higher than that under in-phase crosstalk mode at the same case. Giving the interconnect length of L gnr = 3500 µm as an example, the delay time for case 1 under in-phase and out-of-phase modes are 12.251 ns and 27.250 ns. The corresponding values for case 2 are 5.712 ns and 20.710 ns, another situation for case 3 are 9.088 ns and 19.922 ns, and the last situation for the proposed case 4 are 4.152 ns and 14.986 ns. This is due to the fact that the Miller coupling capacitance 2C c exists only in out-of-phase crosstalk mode, which results in that the total distributed capacitance C T of the victim MLGNR line under in-phase mode is smaller than that under out-of-phase crosstalk mode. In addition, it can be seen from Fig. 7 that the delay results of the defined case 3 are in good matching with the results of [19] with the maximum relative error of 3.75% for any phase crosstalk mode.
The frequency response of victim MLGNR line with the interconnect length L gnr = 1000 µm for the defined four cases under in-phase and out-of-phase crosstalk modes is illustrated in Fig. 8(a) and 8(b) , respectively. Transfer gain is defined as the magnitude of frequency response of the interconnect system and represents the ratio of amplitude between the output and input signal versus different frequencies. The transfer gain of victim MLGNR line under in-phase and out-of-phase crosstalk modes can be solved by the Equation (26) .
As described in Fig. 8 , in high frequency region, it is clearly shown that the transfer gain of the case 2, case 3 and case 4 are evidently greater than that of the case 1 for different phase crosstalk modes. Besides, the transfer gain of the proposed case 4 is clearly larger than the case 1, case 2 and case 3 for different phase crosstalk modes. It can be explained that the decoupled MLGNR interconnect system as depicted in Fig. 3 can be regarded as a RC low pass filter and its cut-off frequency can be approximately defined as: 1/(2π C E R ds L 2 gnr ) [39] , [42] . Based on the aforementioned discussion, it can be obtained that the case 2 can only reduce the electrostatic capacitance C el and coupling capacitance C c of the conventional MLGNR interconnect (case 1), the case 3 can only reduce the distributed scattering resistance R ds of the traditional case 1. Whereas the proposed case 4 can reduce the electrostatic capacitance C el , coupling capacitance C c and distributed scattering resistance R ds of the conventional case 1. Consequently, the victim MLGNR line for using the proposed case 4 has a larger cut-off frequency compared with the case 1, case 2 and case 3.
Moreover, it can be observed from Fig. 8 that the transfer gain of victim MLGNR line under out-of-phase mode is apparently lower than that under in-phase crosstalk mode at the same case. This is due to the fact that the total distributed capacitance C T of the victim MLGNR line under in-phase mode is lesser than that of out-of-phase crosstalk mode. Certainly, the former will have a larger cut-off frequency compared with the latter. Furthermore, as depicted in Fig. 8 , it is observed the results of frequency response for the defined case 3 are fairly consistent with the results of [19] under in-phase and out-of-phase crosstalk modes. The maximum relative errors involved in the defined case 3 and the [19] for in-phase and out-of-phase crosstalk modes are 3.67% and 3.81%, respectively.
Besides the transfer gain, the bandwidth is also considered as the significant parameter to describe the interconnect performance in the frequency domain. Bandwidth represents the capability of data transmission, thus a larger bandwidth can effectively reduce the total time to transmit a certain amount of data from the input port to output port for the interconnect system [2] , [31] . Hence, it is crucial to seek a new promising technology to expand the bandwidth of the MLGNR interconnect system. Accordingly, we investigated the superiority of the proposed case 4 on the 3-dB bandwidth of the victim MLGNR line in this work. Combining with the Equation (27), the corresponding results of the defined four cases on 3-dB bandwidth of victim MLGNR line with different interconnect length under in-phase and out-of-phase crosstalk modes are shown in Table 1 .
As exhibited in Table 1 , it is suggested that the 3-dB bandwidth of the case 2, case 3 and case 4 are all greater than that of the case 1 for in-phase and out-of-phase crosstalk modes. In the meantime, it can be also observed that the 3-dB bandwidth of the proposed case 4 is obviously higher than that of all other cases for in-phase and out-of-phase crosstalk modes. Using the interconnect length of L gnr = 3000 µm under in-phase crosstalk mode as an example, the 3-dB bandwidth for case 2 is 2.022 times larger than that of the case 1. The corresponding value for case 3 is 1.350 times larger than that of the case 1. Whereas, another situation for case 4 is 2.784 times larger than that of the case 1. Based on the aforementioned discussion, the reason for this phenomenon is that applying the proposed case 4 has a larger cut-off frequency compared with the case 1, case 2 and case 3. Furthermore, it is indicated from Table 1 that the 3-dB bandwidth of victim MLGNR line under in-phase mode is apparently greater than that under out-of-phase crosstalk mode at the same case. Giving the interconnect length of L gnr = 2000 µm as an instance, the 3-dB bandwidth for case 1 under in-phase and out-of-phase crosstalk mode are 30 This can be explained that the in-phase crosstalk mode has a larger cut-off frequency compared with the out-of-phase crosstalk mode at the same case. In addition, according to the data of Table 1 , it is implied that the 3-dB bandwidth under in-phase crosstalk mode for the proposed case 4 can be expanded over 2.978 times than that of the conventional case 1 for an interconnect length of L gnr = 4000µm. Meanwhile, it can be inferred that the 3-dB bandwidth under out-of-phase crosstalk mode for the proposed case 4 can be enhanced exceeding 1.824 times than that of the conventional case 1 in the same length as the former. Therefore, the proposed case 4 can be as a new prospective technology for the global level interconnects that has a significant application prospect in improving the bandwidth of interconnect system in VLSI circuits.
C. THREE-LINE COUPLED MLGNR INTERCONNECT MODEL
In view of the length of this paper, only the in-phase mode "↑↑↑" and out-of-phase mode "↓↑↓" for three-line coupled MLGNR interconnects are investigated in this work. In order to study the largest effect of the aggressor line on the victim line, the performance of center line (i.e., victim line 2 of Fig. 4 ) is focused. The propagation delay of center line of three-line coupled MLGNR interconnects with different length for the defined four cases under in-phase crosstalk and out-of-phase crosstalk modes is depicted in Fig. 9 (a) and 9(b), respectively.
Being similar to the situation of two-line coupled MLGNR interconnects, it is observed from Fig. 9 (a) and 9(b) that the propagation delay of the case 2, case 3 and case 4 are all lesser than that of the case 1 for in-phase and outof-phase crosstalk modes. Meanwhile, it is found that the propagation delay of the proposed case 4 is evidently lower than that of all other cases for all phase crosstalk modes. In addition, combining with Fig. 7 (a) and 7(b), it can be seen that the three-line coupled MLGNR interconnects have greater propagation delay than two-line coupled MLGNR interconnects at the same case. For instance, in Fig. 7(b) and Fig. 9(b) for an interconnect length of L gnr = 4000 µm, the propagation delay of case 1 for three-line coupled MLGNR interconnects is 54.783 ns while for two-line coupled MLGNR interconnects is 35.203 ns. Furthermore, the corresponding propagation delay of case 2, case 3 and case 4 for two-line coupled MLGNR interconnects are reduced by 42.34%, 35.46% and 40.51% respectively, as compared to three-line coupled MLGNR interconnects. The reason for this phenomenon is that the center line of threeline coupled MLGNR interconnects has greater coupling capacitance than the victim line of two-line coupled MLGNR interconnects in all same cases.
The frequency response of center line of three-line coupled MLGNR interconnects with length L gnr = 1000 µm for the defined four cases under in-phase and out-of-phase crosstalk modes is described in Fig. 10 (a) and 10(b), respectively. The frequency response results show that the three-line coupled MLGNR interconnects has the same behavior characteristic with the two-line coupled MLGNR interconnects. From the figures, in high frequency region, it is observed that the transfer gain for the case 2, case 3 and case 4 are obviously larger than that of the case 1 for in-phase and out-ofphase crosstalk modes. Meanwhile the proposed case 4 has greater transfer gain than the case 1, case 2 and case 3 for different phase crosstalk modes. Moreover, compared with Fig. 8 (a) and 8(b) in high frequency region, it is found that the three-line coupled MLGNR interconnects have lower transfer gain than two-line coupled MLGNR interconnects at the same case. Taking the case 4 under in-phase mode at 1 GHz operating frequency as an example, the transfer gain for two-line coupled MLGNR interconnects is 0.781 while the value for three-line coupled MLGNR interconnects is 0.578. Based on the aforementioned discussion, the reason behind this is that the coupling capacitance exists only in the three-line coupled MLGNR interconnects for in-phase crosstalk mode according to the [40] .
The 3-dB bandwidth of center line of three-line coupled MLGNR interconnects with different length for the defined four cases under in-phase and out-of-phase crosstalk modes are shown in Table 2 . As can be observed from the Table, the three-line coupled MLGNR interconnects shows the same bandwidth performance pattern with the two-line coupled MLGNR interconnects. In addition, compared with Table 1 , it is inferred that the 3-dB bandwidth of threeline coupled MLGNR interconnects is smaller than that of two-line coupled MLGNR interconnects at same conditions. Giving the interconnect length of L gnr = 3000 µm under out-phase mode as an instance, the 3-dB bandwidth of two-line coupled MLGNR interconnects for case 1, case 2, case 3 and case 4 are 1.812, 1.708, 1.535 and 1.707 times larger than that of three-line coupled MLGNR interconnects. This explanation is similar to the case of frequency response. As mentioned above, the two-line coupled MLGNR interconnects have smaller coupling capacitance than three-line coupled MLGNR interconnects at the same condition. Therefore, the former will have a larger cut-off frequency in comparison to the latter.
However, it should be pointed out that there are still some fundamental issues unresolved for the presented results. In this work, Joule heating and electrostatic reliability are not discussed, which will be the research subjects of our future work. Because the increase of Joule heating will give rise to interconnect temperature, thereby leading to the decrease of MFP λ eff of MLGNR interconnect in VLSI circuits. Meanwhile electrostatic reliability is a paramount parameter to evaluate the performance of on-chip MLGNR interconnect due to the existing coupling capacitance and mutual inductance between adjacent lines.
V. CONCLUSION
An equivalent distributed circuit model of the proposed new technology for coupled MLGNR interconnects (i.e., the proposed case 4) is established to derive the mathematical expressions of step response, transfer gain and 3-dB bandwidth for 7.5 nm technology node at global level, which take the coupling capacitance and mutual inductance into account. By using the extracted interconnect parameters, the impacts of the defined four cases on step response, propagation delay, transfer gain and 3-dB bandwidth of the coupled interconnects are predicted. The numerical simulation results show that substituting the conventional MLGNR interconnects (i.e., the case 1) with the proposed case 4 for the coupled MLGNR interconnects has an obvious performance advantage in terms of the step response, propagation delay, transfer gain and 3-dB bandwidth at the same conditions. Besides, it is demonstrated that the coupled MLGNR interconnect under in-phase crosstalk mode has excellent advantage than that under out-of-phase mode with respect to lesser propagation delay, higher transfer gain and larger 3dB-bandwidth. Compared with two-line coupled MLGNR interconnects, the three-line coupled MLGNR interconnects have larger propagation delay, lower transfer gain and smaller 3-dB bandwidth at the same condition. In the light of our simulation results, it is manifested that the proposed new technology may be an emerging technology to improve the performance of step response, propagation delay, transfer gain and 3-dB bandwidth of the coupled MLGNR interconnects in VLSI circuits.
